Abstract P2X4 receptors (P2X4Rs), a subtype of the purinergic P2X family, play important roles in regulating neuronal and glial functions in the nervous system. We have previously shown that the expression of P2X4Rs is upregulated in activated microglia after peripheral nerve injury and that activation of the receptors by extracellular ATP is crucial for maintaining nerve injury-induced pain hypersensitivity. However, the regulation of P2X4R expression on the cell surface of microglia is poorly understood. Here, we identify the CC chemokine receptor CCR2 as a regulator of P2X4R trafficking to the cell surface of microglia. In a quantitative cell surface biotinylation assay, we found that applying CCL2 or CCL12, endogenous ligands for CCR2, to primary cultured microglial cells, increased the levels of P2X4R protein on the cell surface without changing total cellular expression. This effect of CCL2 was prevented by an antagonist of CCR2. Time-lapse imaging of green fluorescent protein (GFP)-tagged P2X4R in living microglial cells showed that CCL2 stimulation increased the movement of P2X4R-GFP particles. The subcellular localization of P2X4R immunofluorescence was restricted to lysosomes around the perinuclear region. Notably, CCL2 changed the distribution of lysosomes with P2X4R immunofluorescence within microglial cells and induced release of the lysosomal enzyme β-hexosaminidase, indicating lysosomal exocytosis. Moreover, CCL2-stimulated microglia enhanced Akt phosphorylation by ATP applied extracellularly, a P2X4R-mediated response. These results indicate that CCL2 promotes expression of P2X4R protein on the cell surface of microglia through exocytosis of P2X4R-containing lysosomes, which may be a possible mechanism for pain hypersensitivity after nerve injury.
Introduction
Accumulating evidence indicates that microglia, a type of immune cells, play crucial roles in diverse pathologies in the nervous system, including neuronal injury, trauma, ischemia, infection, and several neurological diseases [1] [2] [3] .
Once activated under such pathological conditions, microglia dramatically change the expression of a variety of genes including cell-surface receptors [1, 4, 5] . We have previously shown that the ionotropic P2X receptor subtype P2X4R is upregulated in activated microglia in the spinal cord after peripheral nerve injury [6] . The upregulation of microglial P2X4R expression has also been reported in animal models of stroke [7] , brain tumor [8] , traumatic brain injury [9, 10] , and spinal cord injury [11] , and in human acute inflammatory demyelinating polyradiculoneuropathy [12] . Stimulation of microglial P2X4R by extracellular ATP causes a release of brain-derived neurotrophic factor [13, 14] , which is necessary for maintaining pain hypersensitivity after nerve injury, and also induces phosphorylation of Akt, which is a crucial step for microglial chemotaxis toward a high concentration of ATP [15] [16] [17] . In addition, activation of P2X4Rs evokes prostaglandin E 2 production in macrophages [18] , which is essential for inflammatory pain. Thus, P2X4R has emerged as a key regulator of microglia/macrophage functions and thereby of pathologies in the nervous system.
Recent studies have identified extracellular bioactive factors that upregulate P2X4R expression in microglia. These include lipopolysaccharide [19] , interferon-γ (IFN-γ) [20] , and fibronectin [21] [22] [23] [24] . We have demonstrated a molecular mechanism underlying fibronectin-induced P2X4R upregulation at transcriptional and translational levels [22, 24] . However, a large amount of P2X4R protein within microglia/macrophages has been shown to localize predominantly to intracellular lysosomal compartments [25] . Notably, P2X4R protein remains stable within the proteolytic environment of lysosomes, and when microglia cells are stimulated artificially by ionomycin, trafficking of P2X4R protein to the cell surface occurs. Microglial activity is influenced by the extracellular milieu [1, 26] , but the identity of bioactive factors regulating P2X4R trafficking to the cell surface of microglia remains elusive. In the present study, we focused on extracellular signaling molecules that are reported to target microglia in vivo and to critically contribute to nerve injury-induced mechanical hypersensitivity because microglial P2X4Rs are necessary for neuropathic pain [6] . Among factors fulfilling these two criteria, we demonstrated that a member of the C-C subfamily of chemokines CCL2 [chemokine (C-C) ligand 2, also known as MCP-1] has an ability to rapidly promote P2X4R trafficking to the cell surface of microglia with lysosomal exocytosis without changing the total cellular level of P2X4R protein.
Materials and methods
Microglial cells Rat primary cultured microglia were prepared according to a method described previously [6, 27] . In brief, a mixed glial culture was prepared from neonatal Wistar rats (Kyudo, Saga, Japan) and maintained for 9-24 days in Dulbecco's modified eagle medium with 10% fetal bovine serum. Microglia were obtained as floating cells over the mixed glial culture. The floating cells were collected by a gentle shake and transferred to appropriate dishes or coverslips, and the microglia attached to them were then used for biotinylation, Western blotting, time-lapse imaging and immunocytochemistry.
Microglial cells were stimulated by applying either recombinant rat CCL2 (10, 30, or 100 ng/mL; R&D Systems, Lille, France), mouse CCL12 (10 ng/mL; R&D Systems), rat CX3CL1 (100 ng/mL; R&D Systems), or rat IFN-γ (100 U/mL; Calbiochem, San Diego, CA, USA) 30 min before biotinylation. A CCL2 neutralizing antibody (2.5 and 25 μg/mL; R&D Systems) and the dynamin inhibitor dynasore (80 μM; Sigma, St. Louis, USA) were added to cultures 30 min before CCL2 stimulation. RS-504393 (1 and 10 μM; Tocris, Bristol, UK) and forskolin (10 μM; Sigma) were added 20 and 10 min, respectively, before CCL2 stimulation. For treatment with fibronectin; microglia were plated on culture dishes coated with fibronectin (10 μg/mL; Invitrogen, Carlsbad, CA, USA), cultured for 24 h in a cell surface biotinylation assay and in measurement of CCL2 release at various time points.
Biotinylation of cell surface proteins Biotinylation and isolation of cell surface proteins were performed using a Pierce Cell Surface Protein Isolation Kit (Pierce, Rockford, IL, USA). Microglial cells (1.5-2.0×10 6 cells/dish) were rinsed two times with ice-cold phosphate-buffered saline (PBS) and incubated with freshly prepared sulfo-NHS-SS-biotin (Pierce) for 30 min at 4°C. The cells were subsequently lysed in 500 μL of RIPA buffer [50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), 0.5% deoxycholic acid] containing protease inhibitors cocktail (Sigma). After centrifugation of the lysates, 50 μL of the supernatant was subjected to SDS polyacrylamide gel electrophoresis (SDS-PAGE) to measure the total cellular levels of P2X4R protein. For isolation of cell surface proteins, 450 μL of supernatant was further incubated with streptavidin beads (Pierce) for 1 h at room temperature to pull down all biotinylated proteins. Beads were washed three times and eluted in Laemmli buffer with dithiothreitol (20 μM), and the eluted samples were subjected to SDS-PAGE for assessment of the cell surface levels of P2X4R protein.
Western blotting For detection of P2X4R protein in fractions of the cell surface and whole cells, each sample was subjected to 10% SDS-PAGE, and the proteins were transferred electrophoretically to polyvinylidene difluoride (PVDF) membranes (GE Healthcare, Buckinghamshire, UK). The membrane was blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween-20. The membrane was incubated with primary antibodies [anti-P2X4R (1:5000; Alomone, Jerusalem, Israel) and anti-β-actin (1:2000; Sigma)] for overnight at 4°C. The antibodies were detected using horse radish peroxidase conjugated anti-rabbit or anti-mouse IgG secondary antibody (GE Healthcare, 1:1,000). For Akt phosphorylation evoked by ATP, microglial cells in primary cultures that had been treated with CCL2 (100 ng/mL) for 30 min were stimulated by applying ATP (5 μM, Sigma). Whole-cell lysates of microglia were prepared 10 min after ATP stimulation and were subjected to 10% SDS-PAGE and transferred to PVDF membranes. Anti-phospho-Akt (Ser473) (1:1,000; Cell Signaling, Danvers, MA, USA) and anti-Akt (1:1,000; Cell Signaling) were used to detect phosphorylated and total Akt, respectively. In this experiment, some microglial cultures were pretreated with TNP-ATP (100 μM, Sigma), which can block P2X4R [6] , for 5 min before ATP application. The blots were detected using an ECL western blotting detection system (GE Healthcare) and an LAS-3000 imaging system (Fujifilm, Tokyo, Japan). For densitometric quantification, each band was quantified using the software of the LAS-3000 imaging system. Equal amounts of protein loaded into each lane were verified based on the band intensity of β-actin. The relative P2X4R band density levels were obtained by normalizing the cell surface and total cellular P2X4R bands against the total β-actin band from the same sample. Time-lapse imaging of P2X4Rs in living microglial cells Full-length complementary DNAs for rat P2X4R-GFP was cloned into the lentiviral CS2-EF-MCS vector (packaging plasmid; provided by Dr. Hiroyuki Miyoshi, RIKEN BioResource Center, Tsukuba, Ibaraki, Japan). The vector with pCAG-HIVgp and pCMV-VSV-G-RSV-Rev (packaging plasmid; provided by Dr. Hiroyuki Miyoshi) was cotransfected into HEK293T cells (RIKEN BioResource Center). After 100-fold concentration with polyethylene glycol, viral particles and 8 μg/mL polybrene were added onto primary cultured microglia plated on 24-well plates (1.2×10 5 cells/well). After a 12-h treatment with the lentivirus, cultured medium was changed to conditioned medium prepared from the mixed glial culture, and microglia were further cultured for 60 h. For time-lapse imaging of P2X4Rs, P2X4R-GFP lentivirus-transduced microglial cells were washed with Hank's balanced salt solution (HBSS, 37°C). The P2X4R-GFP fluorescence was then recorded every 5 s for 270 s using an LSM5 Imaging System (Zeiss) with a 63× oil-immersion objective at room temperature. Obtained images were imported into ImageJ software, and the orbital and total distance of the movement of P2X4R-GFP fluorescence particles were obtained.
Measurement of CCL2 release

Lysosomal exocytosis assay Microglial cells (5×10
5 cells/ well) were plated onto 24-well plates and were cultured for 3 h. Lysosomal exocytosis was assayed by measuring release of β-hexosaminidase. Microglial cells were incubated with CCL2 (100 ng/mL) or ionomycin (5 μM; Sigma) for 30 min in HBSS at 37°C. Thirty microliters of supernatant was incubated with 60 μL of 1 mM 4-nitrophenyl N-acetylbeta-D-glucosaminide in 0.05 M citrate buffer (0.025 M citric acid, 0.025 M trisodium citrate, pH 4.5) for 1 h at 37°C. Reactions were stopped by addition of 150 μL of 0.05 M sodium carbonate buffer (pH 10). Absorbance was then measured at 405 nm.
Statistical analyses Statistical analyses of the results were evaluated using the Student's t test and the Tukey's multiple comparison test after one-way ANOVA.
Results
CCR2 agonists increase levels of P2X4R protein on the surface of cultured microglial cells
By searching for endogenous signaling molecules that target microglia in vivo and that critically contribute to nerve injury-induced mechanical hypersensitivity, from a number of published papers, we focused on the following molecules as candidates: CCL2, CX3CL1 [chemokine (C-X3-C motif) ligand 1, also known as fractalkine] and IFN-γ. First, the effects of these factors on the levels of P2X4R protein on the cell surface of microglial cells in primary culture were examined. Cell surface biotinylation followed by Western blot analysis of P2X4R protein using its antibody demonstrated that only CCL2 produced a pronounced increase in the P2X4R protein levels on the cell surface at 30 min post-stimulation (Fig. 1a) . The specificity of the P2X4R antibody was confirmed using P2X4R-deficient microglial cells (data not shown). We therefore further explored the role of CCL2 in P2X4R protein localization.
The increase in cell surface levels of P2X4R proteins by CCL2 occurred in a concentration-dependent manner, and a significant effect was observed in the presence of 100 ng/ mL CCL2 (2.1-fold, P<0.05, Fig. 1b) . However, P2X4R protein levels in whole-cell lysates of CCL2-stimulated microglia were not significantly changed at any of the concentrations tested (Fig. 1b) . CCL2-induced surface P2X4R expression peaked at 30 min (P<0.05, Fig. 1c) , persisted for up to 120 min (P <0.05, Fig. 1c ) and returned to the basal level at 24 h (data not shown). Furthermore, pretreatment of microglial cells with a neutralizing antibody for CCL2 inhibited the CCL2-induced upregulation of P2X4R protein expression on the cell surface (P<0.05, Fig. 2a) , confirming the promoting effect of CCL2 on the cell surface expression of P2X4Rs in microglia.
CCL2 is known to be an endogenous agonist of CCR2. To determine the role of CCR2, we pretreated microglial cells with RS-504393, an antagonist of CCR2 [29, 30] , and found that RS-504393 completely abolished the CCL2-induced increase in P2X4R protein on the cell surface without changing total cellular P2X4R protein expression (P<0.05, Fig. 2b) . Furthermore, the increase in the surface P2X4R protein expression by CCL2 was also markedly inhibited by pretreating cells with forskolin (P<0.01, Fig. 2c ), which indirectly counteracts inhibitory effects of CCL2 on the G i /adenylyl cyclase (AC)/ cyclcic AMP (cAMP) signaling cascade downstream of CCR2 [31] [32] [33] . Moreover, microglial cells stimulated with CCL12, another agonist of CCR2 [34] , produced a comparable increase in the cell surface level of P2X4R proteins, as observed in CCL2-stimulated microglia (P< 0.05, Fig. 2d ). Together, these results indicated that CCL2 rapidly promotes P2X4R expression on the cell surface of microglia via CCR2.
CCL2 is involved in the fibronectin-induced increase in surface P2X4R
As shown in our previous studies [21, 23, 35] , microglial cells treated with fibronectin for 24 h expressed increased levels of total cellular P2X4R protein (P<0.05, Fig. 3a) . We further found that fibronectin-stimulated microglia showed increased expression of P2X4R protein on the cell surface (P<0.01, Fig. 3a) . Interestingly, the increase in the level of surface P2X4R induced by fibronectin was significantly reduced by pretreatment of cells with the CCL2 neutralizing antibody (P<0.05, Fig. 3a ) with no effect on the increase in total cellular levels of P2X4R protein. We next examined the levels of CCL2 in supernatants of microglial cultures. The levels of CCL2 were low in the supernatants of non-stimulated microglia cultures but were strikingly increased in those of fibronectin-stimulated microglia cultures in a timedependent manner (P < 0.001, Fig. 3b ). These results indicate that fibronectin not only increases expression of P2X4R messenger RNA and protein [21, 22] but also enhances the level of P2X4R protein on the cell surface, which is dependent on CCL2 released from microglia following fibronectin stimulation. Fig. 1 CCL2 increases cell surface expression of P2X4R protein in microglial cells. P2X4R protein on the surface of primary cultured microglial cells was detected by cell surface biotinylation followed by Western blot analysis of P2X4R protein using its specific antibody. Total cellular P2X4R protein was detected in whole-cell lysates of microglial cells. Microglial cells in primary cultures were treated with either CCL2 (100 ng/mL), CX3CL1 (100 ng/mL), or IFN-γ (100 U/ mL) for 30 min (a) with CCL2 (10, 30, and 100 ng/mL) for 30 min (b) and with CCL2 (100 ng/mL) for 30, 60, and 120 min (c). b, c histograms of the relative band density ratio of surface and total P2X4R protein normalized to the levels of β-actin. The experiments were repeated four to five times, and the data are means±SEM of fold changes over the value of unstimulated control microglia. *P<0.05 compared with unstimulated control microglia CCL2 enhances P2X4R trafficking from lysosomes to the cell surface We next examined the subcellular distribution of P2X4R protein in microglia by immunocytochemical analyses. In unstimulated control microglial cells, immunofluorescence for P2X4R protein accumulated around the perinuclear region. By contrast, 30 min after application of CCL2, the subcellular distribution of P2X4R immunofluorescence was changed: The normally dotted P2X4R immunofluorescence was distributed more diffusely within the cell. The CCL2-induced change in P2X4R distribution was prevented by pretreating microglial cells either with the CCL2 neutralizing antibody or with forskolin (Fig. 4a) . Furthermore, to visualize the behavior of P2X4R protein in living microglial cells, we transduced primary cultured microglia with a lentiviral vector encoding P2X4R in conjunction with AcGFP1 (GFP) at the C-terminus of P2X4R (P2X4R-GFP) and monitored the movement of GFP fluorescence by confocal microscopy. Time-lapse imaging showed that, in unstimulated microglia, particles of P2X4R-GFP fluorescence moved slightly within a restricted area. By contrast, after CCL2 application, P2X4R-GFP fluorescence particles were highly dynamic within microglial cells. The total distance of movement of P2X4R-GFP fluorescence particles was significantly increased after CCL2 stimulation (P< 0.001, Fig. 4b ). Thus, these results indicate that CCL2 stimulation facilitates the movement of P2X4R protein in microglial cells.
It has been reported that P2X4R undergoes rapid constitutive internalization in a manner that depends on dynamin [19, 36, 37] . Consistent with these studies, unstimulated control microglia treated solely with dynasore, an inhibitor of dynamin that is known to inhibit P2X4R internalization [19] , showed an increase in the cell surface level of P2X4R protein (P<0.05, Fig. 5 ), indicating an active dynamindependent P2X4R internalization in cultured microglia under our experimental condition. If CCL2 enhances P2X4R Western blot analysis using its specific antibody. Histograms of the relative band density ratio of surface and total P2X4R protein normalized to the levels of β-actin. The experiments were repeated four to five times, and the data are means±SEM of fold changes over the value of unstimulated control microglia. *P<0.05, **P<0.01, ***P<0.001 compared with unstimulated control microglia; # P<0.05, ## P<0.01 compared with CCL2-stimulated microglia expression on the cell surface by inhibiting P2X4R internalization, then the effect of CCL2 might not be observed in dynasore-treated microglia. We found that CCL2-induced surface P2X4R expression was not inhibited by pretreatment of cells with dynasore (P<0.001, Fig. 5) .
A recent study showed that P2X4Rs are localized predominantly to lysosomes [25] . In unstimulated control microglia, immunofluorescence for LGP85, a marker of lysosomes [28, 38] , was observed around the perinuclear region and co-localized with P2X4R immunofluorescence. Thirty minutes after CCL2 stimulation, the distribution of LGP85-positive lysosomes was more diffuse throughout the cell, a change that was similar to the change in the P2X4R distribution in CCL2-stimulated microglia. Indeed, overlapping immunofluorescence for P2X4R and LGP85 was observed not only in the perinuclear region but also the area distal to the nucleus of microglial cells after CCL2 stimulation (Fig. 6a) . Exocytosis of lysosomes has been shown to result in a delivery of P2X4R protein to the plasma membrane [25] . To further examine whether CCL2 causes lysosomal exocytosis, the levels of the lysosomal enzyme β-hexosaminidase in supernatants of cultured microglia were measured. We found a significant increase in the levels of β-hexosaminidase 30 min after application of CCL2 as well as ionomycin (as a positive control known to cause lysosomal exocytosis) [25] (P<0.05, Fig. 6b ). These results suggest that CCL2 causes lysosomal exocytosis, which may result in enhancing P2X4R expression on the cell surface of microglia. Fig. 3 CCL2 is involved in fibronectin-induced surface P2X4R upregulation. a Biotinylation assay of surface P2X4R proteins. CCL2 neutralizing antibody (CCL2-Ab, 25 μg/mL) and normal goat IgG (IgG, 25 μg/mL) were pretreated for 30 min before fibronectin (FN, 10 μg/mL) stimulation. Surface proteins of microglial cells were biotinylated 24 h after fibronectin stimulation. Surface and total P2X4R proteins were detected by Western blot analysis using its specific antibody. Histograms of the relative band density ratio of surface and total P2X4R protein normalized to the levels of β-actin. The experiments were repeated five times and the data are means±SEM of fold changes over the value of unstimulated control microglia. *P<0.05, **P<0.01 compared with unstimulated control microglia; # P<0.05 compared with fibronectin-stimulated microglia. b CCL2 levels in supernatants of microglial cultures were measured by ELISA; primary cultured microglial cells were treated with or without fibronectin (10 μg/mL) for various time points of testing. The experiments were repeated six times, and the data are means±SEM of the concentration of CCL2 (pg/mL). ***P<0.001 compared with control at 1 h Fig. 4 CCL2 enhances movement of P2X4Rs. a Immunocytochemical analysis of P2X4Rs detected by its specific antibody. Primary cultured microglia were stimulated by CCL2 (100 ng/mL) for 30 min and were fixed by formaldehyde. Cells were pretreated with CCL2 neutralizing antibody (CCL2-Ab, 25 μg/mL) and forskolin (10 μM) for 30 and 10 min, respectively, before CCL2 stimulation. b Monitoring of P2X4R-GFP fluorescence particles in living microglial cells transduced with a lentiviral vector encoding P2X4R-GFP. Left Typical trajectories of P2X4R-GFP fluorescence particles in microglia treated with HBSS (control) or CCL2 (100 ng/mL). Right The total distance (μm, means±SEM, n019) of the trajectories of P2X4R-GFP fluorescence particles from initial position. ***P<0.001 compared with the control group by two-way ANOVA. Scale bar: 10 μm CCL2-stimulated microglia enhance the P2X4R-mediated response If CCL2 promotes P2X4R trafficking to the cell surface, then the P2X4R-mediated cellular response must be enhanced. To test this prediction, we measured phosphorylation of Akt evoked by ATP, a P2X4R-dependent response in microglia [15] . Consistent with previous results [15] , ATP rapidly increased the level of phosphorylated Akt. In microglial cells that had been treated with CCL2, ATP stimulation further increased Akt phosphorylation as compared with untreated microglia with ATP stimulation (P<0.05, Fig. 7) . The enhancement of ATP-induced Akt phosphorylation in CCL2-treated microglia was suppressed by TNP-ATP (P< 0.01, Fig. 7) , which can block P2X4R [6] . These results suggest that CCL2-stimulated microglia show an enhanced in P2X4R-mediated cellular response.
Discussion
A rapidly growing body of evidence indicates that expression of the purinergic ionotropic receptor P2X4Rs is dramatically increased in activated microglia in animal models of neuropathic pain [6, 39] and other CNS diseases [7] [8] [9] [10] [11] [12] and implicated in the disease processes [6, 13, 39, 40] . P2X4R trafficking to the plasma membrane must be a critical event for sensing extracellular ATP. Despite evidence that microglial activity is influenced by the extracellular milieu [1, 26] and might modulate P2X4R trafficking [25, 41, 42] , the bioactive factors that control this trafficking remain unknown. Here, we identify, for the first time, CCL2 as a potential candidate. In the present study, we found that CCL2 enhanced the expression of P2X4R protein on the cell surface of cultured microglia without affecting total cellular levels of P2X4R protein. By showing that the effect was prevented by the CCR2 antagonist RS-504393 and mimicked by another CCR2 agonist, CCL12, we provide evidence that CCR2 mediates this effect of CCL2. Enhanced surface P2X4R expression induced by fibronectin in a manner that depends on CCL2 implies that P2X4R expression on the cell surface is also promoted by endogenous CCL2. We further found that 30 min after CCL2 proteins were detected by Western blot analysis using its specific antibody. Histograms of the relative band density ratio of surface and total P2X4R protein normalized to the levels of β-actin. The experiments were repeated four times and the data are means±SEM of fold changes over the value of unstimulated control microglia. *P<0.05, ***P<0.001 compared with unstimulated control microglia stimulation, when the levels of P2X4R on the cell surface peaked, the subcellular distribution of P2X4Rs within microglial cells was changed, and the movement of P2X4R protein was also increased. Moreover, P2X4R-mediated Akt phosphorylation was upregulated in microglia 30 min after CCL2 stimulation. These results all are consistent with our view that CCL2 is an enhancer of P2X4R trafficking to the surface of microglial cells and suggest that CCR2 activation may render microglial cells hyperresponsive to extracellular ATP by enhancing P2X4R expression on their cell surfaces. Although the concentrations of CCL2 to enhance P2X4R protein on the cell surface of microglia (Fig. 1) are similar to the EC50 of CCL2 for activation of CCR2 [18] , the concentrations of CCL2 used in this study are higher than those of CCL2 measured in supernatant of spinal cord slices taken from nerve-injured animals [43] . Similarly, CCL2 concentration in supernatant of cultured microglia stimulated by fibronectin (Fig. 3b) was lower than that of CCL2 directly applied to enhance surface P2X4R protein (Fig. 1) . Given that CCL2 released from microglia might act to the microglia itself in an autocrine manner or to neighboring microglial cells in a paracrine manner, it is possible that the local concentration of CCL2 around the microglial cells may be enough to enhance P2X4R expression on the cell surface. However, to clarify, this issue is a general technical problem because the concentration of CCL2 nearby microglial cells and the CCL2 concentration in the parenchyma of the spinal cord are difficult to quantify.
By showing an increase in P2X4R expression on the cell surface induced by the dynamin inhibitor dynasore, we confirmed a dynamin-dependent constitutive internalization of P2X4Rs in microglia [19] . However, CCL2 enhanced P2X4R protein expression on the cell surface in dynasorepretreated microglial cells, the magnitude of which was comparable to that in control microglial cells. If CCL2 had promoted P2X4R expression on the surface by inhibiting P2X4R internalization, the effect of CCL2 would have been suppressed in microglia treated with dynasore. Therefore, the enhancing effect of CCL2 may not be associated with this process.
Recent studies have revealed that lysosomes are an organelle that pools intracellular P2X4R protein [25, 44] . In the primary cultured microglia we used, lysosomal localization of intracellular P2X4R protein was observed. In the present study, we found that CCL2 stimulation resulted in a diffused distribution of lysosomes within microglia at 30 min post-stimulation in parallel with the change in P2X4R protein distribution. Furthermore, CCL2 caused a release of the lysosomal protein β-hexosaminidase that also occurred 30 min later, as did ionomycin, which causes lysosomal exocytosis [25] . These results together suggest that CCL2 induces lysosomal exocytosis and subsequently results in a delivery of lysosomal P2X4R protein to the surface of microglia. CCR2 is coupled with G i -protein, which inhibits AC and reduces cAMP levels. The AC activator forskolin was effective in preventing CCL2-induced surface P2X4R expression and the change in P2X4R distribution, raising the possibility that the effect of CCL2 on trafficking of P2X4R-containing lysosomes might involve the Gαi/AC/ cAMP pathway downstream of CCR2. Intracellular Ca 2+ signaling is known to be crucial for fusion of lysosomes with the plasma membrane and/or phagosomes [45, 46] . Ionomycin induced release of the lysosomal enzyme and P2X4R expression on the cell surface of microglia [25] . It is thus possible that a mobilization of intracellular Ca 2+ , presumably through Gβγ subunit-mediated phospholipase C activation [45, [47] [48] [49] , may be involved cooperatively with the Gαi/AC/cAMP pathway in CCL2-induced P2X4R trafficking to the cell surface. Identification of the intracellular signaling pathway from CCR2 to P2X4R trafficking will be an important issue that needs to be investigated in future studies. It is interesting to note that cell surface P2X4R expression was not promoted by CX3CL1 whose receptor, CX3CR1, is also coupled with the Gαi/AC/cAMP pathway. While several signaling pathways downstream of CCR2 have been demonstrated [50] , a recent study has identified FROUNT as a protein that interacts with CCR2 and its functions [51] . Although it remains unknown whether FROUNT is expressed in microglia and whether FROUNT is involved in CCL2-induced P2X4R trafficking, CCR2 may utilize such unique molecules that closely interact with the P2X4R trafficking pathway.
The in vivo relevance of the interaction between CCR2 and P2X4R in regulating cell surface P2X4R expression in microglia remains to be elucidated. In models of diverse neuropathology, such as brain tumor, ischemia, and neuropathic pain, expression of both P2X4R and CCR2 is observed in microglia [6-8, 23, 52-56] . In particular, CCR2 critically contributes to the maintenance of neuropathic pain [55, 57] . Similar to a reversal effect of an acute pharmacological blockade of P2X4Rs on nerve injury-induced pain hypersensitivity [6] , a recent paper using AZ889, a newly developed CCR2 antagonist, reverses both mechanical hypersensitivity in nerve-injured rats and innocuous brushevoked activity of dorsal horn neurons in vivo [49] . These findings imply the existence of ongoing activation of P2X4R and CCR2 in microglia under neuropathic pain conditions. It is thus conceivable that ongoing activation of CCR2, probably activated by CCL2, may tonically promote P2X4R protein trafficking to the cell surface of microglia, which may be crucial for activating these cells by extracellular ATP and for maintaining neuropathic pain.
